Abstract-This paper presents an optical fiber sensor, that uses surface plasmon resonance on metallic wires to directly and simultaneously measure both the refractive index and the temperature. The sensor is constituted by gold wires on a D-type fiber engineered, using numerical simulations based on the finite-element method to support plasmon modes with strong dependencies to either one of the measured parameters. In particular, the influence of the temperature on the structure of the plasmon modes results from contributions from the thermooptic effect in the fiber core and sensing layer, and phononelectron scattering along with electron-electron scattering in the metal wire. The performance of the sensor is evaluated in terms of its sensitivity and resolution.
I. INTRODUCTION

I
N THE past years, there has been much research in the development of refractive index sensors based on surface plasmon resonances (SPR) because of their high sensitivity [1] . In particular, SPR sensors use the excitation of a chargedensity oscillation (i.e., surface-plasmon wave) along the metal-dielectric interface by p-polarized light, which satisfies certain resonance conditions dependent on the geometric and optical properties of the components and of the analyte medium [2] - [4] . This type of sensor is also used as a biosensor, and consists in one ligand layer, immobilized over the metal, and the analyte flows across it; the changes in the refractive index of the solution allow to characterize the analyte [5] . These sensors can also be adapted to measure other parameters, such as temperature [6] and pressure [7] , typically by including components whose size and optical properties strongly depend on each of the desired physical parameter [8] .
One of the challenges remaining is the development of simple sensing configurations that can measure simultaneously more than one parameter, such as refractive index and temperature. In fact, the influence of temperature in changing the dimensions and optical properties of the components of the sensor has many times been considered to be an engineering problem that limits the operation of the sensor. For this reason, there is a necessity to have simultaneous measurement of temperature and refractive index.
Sensors based on SPR are notorious for having high sensitivity to variations of refractive index, but the direct impact of temperature changes on the modal structures of surface plasmons results from a combination of a small change in the optical properties and the thermal expansion of the metal. These produces very small wavelength shifts in the plasmon resonances when compared with those produced by changes in the refractive index. One solution is to use separate sensors to do independent measurement of refractive index and of temperature, using distinct sensing principles. Temperature measures are usually based on sensor components that have large thermo-optical or thermal expansion coefficients, usually interferometric in nature and including optical fiber gratings, such as fiber Bragg gratings (FBGs) and long-period fiber gratings (LPGs), as well as, multimode interference and highbirefringence fiber loop mirrors [9] , [10] .
In SPR sensors, variations of temperature change many of the properties of the fiber (via thermo-optic effect) and of the metal (via phonon-electron scattering along with electronelectron scattering), thus affecting wavelength interrogation, and therefore the sensitivity. In sensors supporting localized SPR, thermal expansion of the different materials may alter dimensions and even further affect the operation of the RI sensor [11] .
In this work we address two main challenges. First to measure simultaneously temperature and refractive index of the analyte medium. Second, to have plasmon resonances that present strong dependency to just one of the measures and thus separate their measure. In our proposal, we consider a fiber sensor combining multiple metal wires and supporting several SPR resonances that allows using two wavelengths to measure both temperature and refractive index simultaneously.
II. DESIGN
We consider the design of the refractive index optical sensor composed of a D-type fiber profile with a gold wire mounted on the flat surface, and thus replacing the metallic film usually 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. considered in the literature [12] . Three extra metal wires are implanted in the fiber cladding (as illustrated in Fig. 1 . The fiber consists in a conventional step index fiber composed by the core with silica doped with 16% germanium (n co ) and surrounded by a pure silica cladding (n cl ). The top metal wire is partially embedded on the surface of the fiber cladding to improve mechanical resistance of the device as well as optical coupling to both the core and to the external medium, and this is the external wire with radius r E . The other three metal wires are placed around the core, embedded in the cladding to increase the sensitivity to temperature and not being exposed to the external medium refractive index, and these are the internal wires with the radius of each wire being r I . In the computer model, the space surrounding the fiber set is filled with the analytic, referred as the external refractive index n ext . The relevant geometrical parameters are: the distance between the center of the fiber and the center of the external wire and the internal wires defined as d and d I , respectively and the radius of the fiber core r co . The metal wire on the surface of the fiber (external wire) is in direct contact with the analyte and therefore supports surface plasmon modes that are primarily sensitive to changes in the external refractive index. On the other hand, the remaining wires (internal wires) support surface plasmon modes that are influenced mainly by changes in the temperature, through their dependency on the optical properties of the metal.
The spectral characteristics of the plasmon modes supported on the external metal wire and the associated resonance are [14] determined mainly by the wire radius (r E ) and the boundary conditions imposed by the refractive index of the external medium. A second plasmon resonance is supported by the remaining internal wires, which depends mainly on their radius (r I ) but also on their relative positions and distances to core of the fiber. These three wires support more than one plasmon mode with distinct sensitivities to the temperature. One of the plasmon modes is selected accordingly, to optimize the sensor performance. In terms of spectral features observed in the imaginary part of the effective refractive index of the fiber sensor, we are able to obtain two resonance peaks, the first peak is used to measure the external refractive index and the second to measure the temperature.
III. THEORY
In this section, we explain the temperature model and the contributions from the thermo-optic effect in the fiber and in the sensing layer. The calculations are done in two steps: first, we calculate the optical properties of the different materials for a given temperature, including the contributions of the phonon-electron scattering and the electron-electron scattering in the case of the metal, and second, we use these values in a computer model based on FEM and implemented in COMSOL to determine the solution of the electromagnetic field equations, corresponding to the optical modes of the sensor. The FEM is becoming the standard method to study the operation of fiber optical sensors with complex geometries [12] and the implementation of this method is explained in detail in [13] .
A. Core and Cladding
We consider a fiber core of pure silica with a 16% doped GeO 2 -SiO 2 glass and the cladding is made out of pure silica. The dependence of the refractive index with wavelength of pure silica and X doped with GeO 2 -SiO 2 glass follows the Sellmeier relation according to
where B Table I . The effect of the temperature in the fiber is defined using the thermo-optic coefficient (1.28×10 −5 K) [14] , [11] .
B. Gold Wire
In describing the optical properties of the metal and their dependence on the temperature we adopted the model by Alabastri in [15] . The complex and frequency-dependent dielectric function of any metal can be appropriately represented by the Drude-Lorentz formula in function a frequency (ω)
where the first term takes into account the contribution from the conduction electrons. The influence of the temperature (T ) is included in the parameters t (T ) and p (T ), which correspond to the total collision frequency and the plasma frequency, respectively. The second term describes the interband absorption where k is the number of oscillators with frequency ω j , strength f j , and lifetime 1/ j [16] . The plasma frequency at ambient temperature is defined by
where N, m * and e represent the density, the effective mass and the charge of the electrons, respectively, f 0 is the oscillator strength. The plasma frequency varies with temperature due to volumetric effects according to
where γ e = 14.2 × 10 −6 per K is the expansion coefficient of the metal (Au) and T 0 = 293.12 K is the room temperature, which is considered as the reference temperature. The total collision frequency is given by
where 0 = 8.04 × 10 13 rad/s is the intraband damping coefficient and (T ) is the dependence of the collision frequency at the temperature, which depends on two factors: phonon-electron scattering and electron-electron scattering. Their respective contributions are cp and ce . The phonon-electron scattering can be modeled by using the Holstein model of phonon-electron scattering
where T D = 170 K is the Debye temperature. The electron-electron scattering frequency is modeled according to the model proposed by Lawrence, based on the Born approximation and the Thomas-Fermi screening of the Coulomb interaction. The corresponding result can be obtained in terms of the Fermi energy (E F ) of the metal electrons as:
where = 0.55 is a constant giving the average over the Fermi surface of the scattering probability, = 0.77 is the fractional Umklapp scattering, E F = 5.53 eV is the Fermi energy h is the Planck's constant, k B is the Boltzmann's constant. Thus (2), together with (4)- (7), completely represent the temperature-dependent dielectric constant of the metal.
Apart from its dielectric constant, the thermal expansion of metal film is also important. It should be noted that for the calculation of thermal expansion of the film one should not use the linear thermal-expansion coefficient (α = 1.42 × 10 −5 ) of the bulk material. Since the wire may only expand into the normal direction, one has to employ a corrected thermalexpansion coefficient α' for the expansion of the film thickness. The corresponding expression is
where μ = 0.44 is the Poisson number of metal. Since μ has a value in the vicinity of 0.3, α' is almost twice the usual thermal-expansion coefficient α, which indicates the importance of this correction [11] .
C. Finite Element Method (FEM)
The study is based on the calculation of the guided modes taking into account both the D-type fiber and the wires, usually referred as supermodes (SMs) since they correspond to the hybridization of the individual modes of each of the structures that compose the device taken isolated, namely the fundamental guided mode of the fiber and the plasmon modes in the wires. All these modes are calculated numerically by solving the wave equation for the Fourier components of the electric field
where ω is the frequency, E(r,ω) is the electric field, k 0 = ω/c is the wave-number of the field mode and c is the speed of light. The termε r represents the complex relative dielectric function written in terms of the real part (n r ) and imaginary part (n r ) of the refractive index, which are then incorporated into the computational model. This term is calculated using (1) for the dielectric components and (2) for the metal (gold) both with the consideration of the temperature. Then, using (9) and the material distribution represented of Fig. 1 , we calculate the different plasmonic modes supported by the metal [12] , [13] .
IV. STUDY OF THE SENSOR BEHAVIOR AS FUNCTION OF THE EXTERNAL REFRACTIVE INDEX VARIATION In this section, we study the behavior of the external refractive index sensor in terms of sensitivity and resolution. In this study we have not considered the effect of the temperature, hence the results correspond only to the reference temperature. The sensor parameters used are d = 2 μ m, r co = 1 μm, the radius of the external gold wire is r E = 300 nm. Fig. 2a shows the real part of the effective refractive index of the modes supported by the wires and the fundamental mode of the fiber in the range between 600 to 1000 nm. In this spectral range there are three modes for the external wires (identified with m E = 0, 1 and 2 depending on the dipole moment of the modes, respectively with null, dipolar and quadripolar mode), which intercept the fundamental mode of the fiber at two points (black squares in Fig. 2a) . Notice that the mode of the external wire with m E = 0 does not couple with the fundamental mode of the fiber, due to poor phase matching conditions, and it is necessary to work with modes with higher m. Also, it is necessary to choose the radius of the internal wires (r I ) such that the corresponding resonances do not overlap with those associated with modes supported by the external wire. This produces a spectral separation of the different resonances, which facilitates their independent measurement. In particular, we have chosen r I = 500 nm that supports two modes in the spectral range between 600 to 1000 nm (identified with m I = 2 and 3 and corresponding to modes with quadripolar and hexapolar moments, respectively), as shown in Fig. 2 . This solution also intercepts the fundamental mode in two points (blue triangles in Fig. 2a) . Fig. 2a also shows imaginary part of the effective refractive index of the sensor (green dotted curve), which shows four resonances (green circles). At points A and C, they correspond to the resonant coupling between the fundamental mode of the fiber and the modes with m E = 2 and m E = 1, and at points B and D they correspond to the resonant coupling between the fundamental mode of the fiber and the modes with m I = 3 and m I = 2. The amplitude of the peaks selected for sensing can be optimized by the distance between the internal wires and the fiber core, therefore controlling the intensity of the coupling between the fundamental mode and each of the internal wire modes. In our case, this optimization resulted in the value d I = 4 μm. The characteristics of the resonance point D are studied in more detail in the next section. Fig. 2b and 2c show the distribution of the light intensity in the fiber for the resonant wavelengths and illustrates the transition in their characteristics. In all the four cases presented, we clearly identify the contribution from the fundamental mode of the fiber, which determines the distribution of light at the center, while the main differences occur near the wires. At wavelengths near the resonance A, the external wire supports a quadrupole mode (m E = 2), while the modes in the internal wires present six intensity modes in the border of the metal, indicating a predominant hexapolar mode (m I = 3). Near the resonance B, the character of the mode near the external wire transits to a strong dipolar moment. The resonances C and D correspond to an intensity distribution with strong dipolar moment near the external wire and strong quadripolar moment near the internal wires. There is however an important difference in the light distribution of these resonances: while for resonance C the electric field between the internal wires and the core changes sign, for resonance D the sign is preserved. This is similar to the even and odd plasmon modes produced by the coupling of surface plasmons located at opposite surfaces of a thin metal film [17] . he practical difference between these two resonances is that while the resonance C is very sensitive to changes in the refractive index, the resonance D is mainly sensitive to the temperature. Fig. 3 shows the loss as function of wavelength for different values of the external refractive index of the sensor, with a constant temperature, calculated according to
where α = 2n e f k 0 is the power absorption coefficient and L is the size of the sensor (1 mm). The sensitivity (S) and the resolution (R) of the sensor are expressed in Table II and were obtained assuming that it is possible to detect experimentally a spectral variation of 0.1nm and using the data in Fig. 3 and the following equations [6] S(λ) = λ peak n ext (11)
where λ min is the minimum value in wavelength between two spectral lines that can be experimentally detected and λ peak is the shift in wavelength of the resonance peak obtained from the simulations for different values of external refractive index (n ext ).
The sensitivity and resolution show a good sensor performance when compared with other fiber sensors based on SPR in metal wires. For instance, Luan and Yao [18] presented a refractive index sensor where the silver wire is placed on top of the fiber, achieving a sensitivity of 2700 nm/RIU in the wavelength range from 698 to 728nm for n ext = 1.33 to 1.34. Although such sensitivity value is slightly better than in our sensor, it results from the wire being completely exposed, which has the drawback of reducing the robustness of the sensor. Lu et al. [19] presented another refractive index sensor based on grapefruit photonic crystal fiber where the holes are filled with silver wires with radius of 300nm, reaching a sensitivity of 2400nm/RIU for a variation of the external refractive index between 1.33 and 1.335 RI for a wavelength of 635-650 nm, respectively. Fig. 3 shows the loss of the guided mode per unit of length as function of wavelength for different values of the external refractive index, which presents three main peaks. The first, for low wavelengths is very weak and has little use for sensing (λ P1 ). The second peak is the most intense and shifts towards longer wavelengths with the increasing of the external refractive index (λ P2 ), whereas the third at higher wavelengths remains unchanged (λ P3 ). This peak however is much weaker than the second, a problem which can be overcome either by changing the number of internal wires, or by decreasing the distance between the core and internal wires. Another possibility is to lower the intensity of the second peak by changing the distance of the core to the external wire.
V. OPTIMIZATION OF THE SENSOR
The increasing of the number of internal wires can increase this loss peak. However, structures with larger number of wires can be more difficult the fabricate so, we propose a second approach to increase the third peak by reducing the distance between the metal and the internal wires. Fig. 4a shows the results for the loss if the distance between internal wires and the core is reduced to 1 μm. The reduction of this distance alters the coupling strength between the modes and, in turn, not only shifts the central wavelength of the peaks but also changes their relative amplitudes. However, the dependent character of the second peak (and independent character of the third) on the external refractive index is preserved.
The analysis also shows that the range of measurement of RI of this sensor configuration is between 1.30 and 1.38, and is mainly determined by the geometry and dimensions of the components (specially the metal wires). For higher values of RI, the second and third peaks overlap and it is hard to separate them in the spectrum. This problem can be resolved increasing the radius of the internal wires. Fig. 4b show the loss as function of the wavelength when the radius of the internal wires is 550 nm. This new radius changes only the third peak of resonance from 975 nm to 1025 nm if we compared with the Fig. 3 , the first and second peaks maintain the same loss magnitude and wavelength resonance.
Using different parameters like, number of wires, the radius of the internal and external wires and the different distance between the core and the internal and external wires it is possible to optimize the sensor. Our proposal for the sensing configuration considers four wires (one external and three internal) displayed symmetrically around the core as presented in Fig. 1 and with d = 2.5 μm, d I = 4 μm, r E = 300 nm (the radius of the external wire) and r I = 500 nm (the radius of the internal wires). With this configuration and parameters, the sensor displays two main peaks with similar amplitude and values of loss that are not excessively high, as well as, and fair peak separation within a range of detection between 1.30 and 1.38, as shown in Fig. 4a .
VI. STUDY OF THE SENSOR BEHAVIOR AS FUNCTION OF THE TEMPERATURE
In this section we present the behavior of the third peak as function of the temperature. Also, we consider the temperature ambient and the effects of the temperature in the properties of the materials to be modeled according (2) . Fig. 5 shows the loss as function of wavelength for different values of the temperature. The peak on the left corresponds to the second peak (λ P2 ) observed in the previous figures, while the peak on the right corresponds to the third peak (λ P3 ). The central wavelength of peak on the left (which is strongly dependent on the external RI) practically does not change with the temperature. Instead, the peak on the right (which is almost independent on the external RI) exhibits a shift toward longer wavelengths for higher temperatures. The sensitivity of the temperature sensor is calculated according to
where T is the variation in temperature, and, using the data from Fig. 5 , we obtain a sensitivity to changes in temperature of 3 pm/K for the peak on the left and the 30 pm/K for the peak on the right. Although the sensitivity to changes in temperature of the later peak is smaller than other temperature sensors based in SPR found in the literature, it should be noticed that in those cases the measurement of the temperature is assisted by other sensing principles (including thermal expansion of interferometric components), whereas in our case the process is purely plasmonic. Luan et al. [20] used a microstructured optical fiber with a thin layer of silver deposited on the internal surface of one hole, which is then filled with a large thermo-optic coefficient liquid as a sensing medium. This configuration obtained a temperature sensor with high sensitivity of 6.18 nm/K for wavelengths from 838 to 943 nm and with a variation of the temperature from 26°C to 43°C (which represents a variation of the refractive index of the thermo-optic coefficient liquid from 1.41 to 1.42). Sensors without this type of components have less sensitivity (up to 70 pm/K) [21] . Our configuration is very versatile in the sense that changing geometrical parameters (such as the wire radius or the distance between the wires and the core), the number of wires, among others, it is possible to customize the operation parameters of the sensor, including the range of measurement of the refractive index or the reference wavelength of the sensor. This characteristic surpasses the limitations of other proposals that are dependent on the specific properties of a test fluid [6] , [20] . Table III , summarizes the sensitivity coefficients of the two peaks for refractive index (K n ) and temperature (K T ) taken from the information presented in Figs. 3 and 5 .
The dual response of the two sensing peaks as function of the variation of the wavelength sensor in terms of RI and temperature, allows writing a conditioned system of two equations for n and T , given in matrix form as;
where K λ P2 ,n , K λ P2 ,T and K λ P3 ,T , the matrix elements, are the sensitivity coefficients of the two peaks as function of refractive index and temperature, respectively and represented in (15) This callibration matrix allows to determine the temperature and refractive index unequivocally by processing the signals retrieved from the two peaks.
The values of the elements of the calibration matrix presented in Table III show that it is strongly diagonaly dominant and therefore a well conditioned matrix, which will introduce low numerical errors when used to obtain the values of the RI and temperature from the data obtained experimentally. This comes from the dependence of each used peak to a specific sensing parameter (RI and temperature) and thus reducing the crosstalk between them.
These results pave the way for a new type of optical sensors that measure simultaneously different parameters, including temperature and refractive index, via the plasmonic response, which explore both new geometries and other materials that can further improve sensing performances.
VII. CONCLUSION
We have demonstrated a sensor based in a D-type fiber using SPR with multiple wires that allows the simultaneous measurement of temperature and refractive index by direct manipulation of the properties of the surface plasmon resonances supported by the wires. In particular, this sensor presents two main measurement peaks, each resulting from a particular plasmon resonance, and mainly dependent on just one of the two parameters measured, which facilitates the sensor calibration and promotes more accurate measurements. Indeed, in our sensor proposal we verified that one peak is very sensitive to the RI (4000 nm/RIU) and slightly responsive to temperature (3 pm/K), whereas the other peak is only sensitive to the temperature, specifically with a sensitivity of 30 pm/K and practically no response to changes to the refractive index.
We have also shown the possibility to manipulate the supermodes in the wires to obtain a refractive index range detection between 1.30 to 1.38 with a clear distinction of the two measurement peaks, while maintaining the same sensitivity to both parameters (refractive index and temperature). To our knowledge, this has not yet been described in the literature and could, in principle, be extended to even more parameters. This work also aims to stimulate research into the development of novel multiple parameters sensors that use the direct manipulation of the plasmon resonances as sensing principle.
